Dividing the weld path into multiple seams that are welded sequentially in a specific order is one of the most important and cost effective distortion and residual stresses mitigation strategies. This is particularly important for welding fabrication of thin structures. The number of sequence options resulting from reordering seams increases explosively with the increase of the number of weld seams. Investigating all sequences using experimental, analytical or computational approaches requires substantial expenses in terms of time, resources and cost and in many situations is practically impossible. Therefore, welding industries tend to opt for small improvement and abandon the search for the absolute optimum welding sequence, e.g. the welding sequence that produces the absolute minimum welding induced distortion. This paper presents an optimization procedure to improving the effectiveness of the search for an optimized welding sequence. The optimization procedure is based on the principles of genetic algorithms (GA), in which the finite element (FE) analysis is used to produce the distortion information and direct the evolution of the GA within the optimization. The capability of the optimization procedure to identify an optimum welding sequence was demonstrated for the keyhole plasma arc welding (KPAW) of two Ti-6Al-4V thin structures, being a flat plate and a simplified replica of a portion of an aero-engine casing. The optimization procedure developed in this study was capable of minimizing the welding induced distortion by up to 55% and of improving the effectiveness of the search for an optimized welding sequence by up to 98%.
Introduction
Welding generates distortion and residual stresses in structures as a result of the effects of shrinkage during cooling [1, 2] . These can lead to unacceptable inaccuracies and in-service defects, respectively [3] . A number of design-related and process-related mitigation strategies such as weld joint details, clamping, preheating and heat input are implemented to counteract this shrinkage effects [4] .
Dividing the weld path into several seams that are welded sequentially in a specific order is one of the most important and cost effective distortion and residual stresses mitigation strategies [4] . The order (sequence) by which seams are welded alters the cooling patterns and as a result alters distortion and residual stresses evolution [3] . However, the number of sequences resulting from reordering weld seams increases explosively with increasing the number of weld seams which makes investigating all possible sequences using experimental, analytical or computational approaches substantially expensive [5] . Therefore, welding industries tend to opt for small improvement and abandon the search for the ultimate optimum welding sequence [4] .
Previous research works have implemented various algorithms and methods in determining an optimum welding sequence. This includes the neural net alogrithm [5] , the genetic and evolutionary alogrithm [1, 3, 6, 7] and the elstic net method [7] . These were all coded on the basis of the heuristic knowledge of welding experts in the robot welding industry while using FE modelling to calculate distortion. Distrotion was considered as the criterion determining the weld quality in these studies due to the fact that welding sequence has a minor effect on the resulting maximum residual stress values [1] . The heauristic knoweldge is however unique to the specific welding process of a specific structure which makes its emplementation across different welding processes and structures less resilient. This paper presents the principles and application of the optimization procedure developed for improving the effectiveness of the search for an optimum welding sequence of thin structures. The optimization procedure is based on the principles of genetic algorithms (GA) and the finite element (FE) analysis software SYSWELD is used to produce the distortion information and direct the evolution of the GA in [8] within the optimization framework. The optimization procedure was demonstrated for the keyhole plasma arc welding (KPAW) of three thin Ti-6Al-4V structural components: a flat plate, a curved Tjoint and a simplified replica of a portion of an aero-engine casing.
Principles of optimization using genetic algorithms
Genetic algorithms searches for an optimized solution by the evolution of the existing solution using the mechanics of natural selection and natural genetics [9] . That is, if we think of each seam in the welding process as a gene and we think of any sets of seams as individuals composed of a string of genes, then GA applies genetic operations that results in the evolution of these individuals to produce fitter ones, i.e. optimized solutions. This is achieved by assigning fitness parameter to each solution and by selecting the existing optimum ones to go through the evolution process; also known as breeding. The three genetic operations associated with evolution are demonstrated below: GA is an effective tool to use in optimizing the distortion induced by seams welding sequence as the solution domain in GA is not limited by restrictive assumptions such as continuity and existence of derivatives.
FE modelling of KPAW of thin structures
The heat input required to establish the keyhole welding mode in plasma arc welding process is achieved by forcing plasma arc though a fine-bore nozzle at high velocities and high temperatures. KPAW process is superseded by laser and electron beam welding processes in terms of the power density these processes are capable of producing; KPAW process is however more cost effective and more tolerant of joint preparation [10] .
The finite element models of the KPAW processes of two titanium alloy (Ti6Al-4V) based thin structures were used to demonstrate the developed optimization procedure; these are a flat plate and a simplified replica of a portion of an aero-engine casing ().
The FE modelling of these thin structures was based on the work previously presented by Deshpande et al. [11] in which the KPAW processes modelling of bead on plate of the same material and thickness was developed and validated. The FE modelling was carried out using the commercially available welding specific software SYSWELD in which a 3D conical Gaussian heat source was used to model the heat input. The clamping conditions were defined by constraining the three velocity components (Ux, Uy and Uz) of the nodes in the clamped areas on the thin structures. Heat transfer by convection and radiation were also accounted for.
Parents Offspring Parents Offspring
As illustrated in Figure 1 (a), the flat plate has three seams while the aeroengine casing replica has four seams. Also, the FE modelling of the welding of the flat plate does not involve the joining of two separate plates; rather, the heat source representing the welding torch was applied along the mid-section of a single plate. Hence, distortions in the flat plate are purely generated due to the contribution of heating and cooling cycle in addition to clamping conditions. In the case of the simplified replica of a portion of an aero-engine casing the FE modelling of the welding involves the joining of the outer ring with the inner structure represented respectively by the solid and dotted lines as shown in Figure 1 structures ( Figure 2 ). These chewing gum elements have no stiffness, hence the name, and it undergoes transition from the no stiffness state to the state of taking on the mechanical behaviour of the Ti-6Al-4V once their temperature exceeds the melting point. This allows for the representation of the local mechanical interlocking between the welded structures as a result of the occurrence of fusion.
Figure 2:
Interfacing welded structure using chewing gum elements to represent fusion.
Definition of welding sequence problem
The seams in the FE modelling of the flat and the simplified replica of a portion of an aero-engine casing are of equal length in both cases. While the direction of welding each seam can vary, each seam can be welded only once. Therefore, each welding sequence consists of a string containing all seams. The total number of possible welding sequences is the number of combinations that can be made by rearranging the orders and directions of seams. This is demonstrated in (Table 1) for the flat plate. As can be seen in Table 1 , the order of welding a seam is represented by its position in the sequence; being 1 st , 2 nd , 3 rd , etc. and the direction of welding a seam is represented by the (+) and (-) signs.
The total number of all possible welding sequences can be obtained using Equation (1) introduced in [1, 12] in which d is the number of directions for each seam (2 directions) and s is the total number of seams (3 and 4). As a result, there is a total of 48 and 384 possible welding sequences for the flat plate and the simplified replica of a portion of an aero-engine casing.
!
(1) Identifying the absolute optimum welding sequence, i.e. the welding sequence that produces the absolute minimum distortion, can only be achieved by modelling all possible sequences. This is expensive in terms of computational efforts, time and the costs associated with it. Hence, there is a need for an optimization procedure to be employed in order to improve the effectiveness of identifying a welding sequence that can produce a minimum distortion.
Structure of welding sequence optimization procedure
The structure of the optimization procedure is composed of two interacting elements; genetic algorithms to optimize the search of an optimum welding sequence and FE modelling to assess and direct the search for an optimum welding sequence. The interaction between GA and FE modelling is developed on a MATLAB platform using the structure shown in Figure 3 . As Figure 3 shows, GA is initially coded to create an initial population (parent sequences) Figure 3 :
Structure of optimization procedure developed on MATLAB platform. which will go through the process of genetic (seam) evolution. These initial parent sequences were coded to carry all genes in order to give each gene equal opportunity to survive and make it to the next generation. The parent sequences coded for the three seams in the flat plate and for the four seams in the simplified replica of a portion of an aero-engine casing are shown in Table 2 . The fitness of each of the parent sequences is then evaluated by calculating the distortion introduced by each of the parent sequences to the welded structure using FE modelling. This is achieved by the MATLAB code developed to modify the FE modelling input files to reflect the welding sequence created by GA and to feed the distortion results back to it. Because the distortion in the zdirection is dominant as shown in Figure 4 for the flat plate, the value of the objective function to be minimized in this optimization procedure was defined as the maximum displacement in the z-direction (Uz) as shown in Equation (2) where i is the i th welding sequence. The parent sequences are then assigned a rank on the basis of the distortion they induce; that is higher rank for minimum distortion. A new welding sequence (offspring welding sequence) is then generated as a result of the breeding of the parent sequences by single gene crossover and single gene mutation. The fitness of the new offspring sequence is then assessed and a rank is assigned to it. The new offspring welding sequences replaces the parent sequence that has lower rank in order to ensure that only fitter parents are contributing to the evolution of the new generations, i.e. new optimized sequences.
The optimization procedure described above continues until the optimization criterion described in Equation (3) is met, where β=0.4; this minimizes the distortion by 40% relative to the maximum distortion identified during the optimization procedure. The value of β=0.4 was found to be effective in identifying an optimum welding sequence for the welds presented in this paper.
6 Results and discussions Table 3 and Figure 5 show the results of the optimization procedure for the flat plate. As can be seen, an optimized welding sequence (-1 -3 +2) was identified in accordance with the optimization criterion described in Equation (3) in the fifth iteration. The optimized welding sequence produced a maximum absolute Figure 5 : Maximum distortions in z-direction for the 3 seams welding sequence optimization of flat plate. 
Max. Uz (mm)
Iterations distortion of 3.76 mm which is less by about 55% of the maximum distortion that was produced by sequence (-1, -2, -3) in the first iteration. In this case, the optimization procedure was able to minimize distortion by about 55% by the FE modelling of 5 sequences out of a total of 48 possible sequences which saves about 90% of the time required for the FE modelling of all sequences. The results of the optimization procedure for the simplified replica of a portion of an aero-engine casing are shown in Table 4 and Figure 6 . The optimum welding sequence (+1 -4 +2 -3) was identified in the ninth iteration and produced a maximum distortion of 1.27 mm which is about 40% less than the distortion produced in the eighth iteration. Identifying an optimized welding sequence in the ninth iteration implies that about 98% of time required for the FE modelling of all possible welding sequences (384 sequences) was saved while achieving 40% reduction in welding induced distortion. Figure 6 : Maximum distortions in z-direction for the 4 seams welding sequence optimization of simplified replica of a portion of aeroengine casing. Figure 7 shows a comparison between the distortions resulting from using continuous welding (no seams) and using optimized welding sequence for both of the flat plate and the simplified replica of a portion of an aero-engine casing. The comparison clearly shows that continuous welding did not result in reduced distortion hence validating the concept of dividing weld bead into several seams to minimize distortion.
Figure 7:
Comparison between distortions induced by continuous welding and the optimized welding sequences.
Conclusions
Welding induced distortion can be minimized by dividing the weld bead into small seams that are welded in a specific order. Identifying the absolute optimum welding sequence requires investigating all possible welding sequences which is expensive in terms of computational efforts, time and cost. An optimization procedure that was developed on the basis of the integration of GA and FE modelling in a MATLAB platform is proposed in this paper to improve the effectiveness of the search for an optimized welding sequence, i.e. the welding sequence that minimizes welding induced distortion. The optimization procedure was applied in the FE modelling of a KPAW of Ti-6Al-4V flat plate that has three seams and a simplified replica of a portion of an aero-engine casing that has 4 seams. The optimization procedure identified an optimum welding sequence that minimized distortion by about 55% in the fifth iteration for the former and about 40% in the ninth iteration for the latter. As a result a saving of up to 90% and 98% of FE modelling time has been achieved for both welding models, respectively. It was demonstrated that the optimized welding sequences minimized distortion in comparison to continuous welding. The optimization procedure presented in this paper can be conveniently applied to other similar welding processes, such as laser and electron beam welding, and can also be coded to minimize other structural parameters such as residual stresses. Figure 8 shows the full-size simplified replica of the aero-engine casing from which the portion presented in this paper was extracted. As can be seen in the figure, the full-size replica is composed of 12 portions. The distortion optimization of one portion presented in this paper is considered as a local optimization. Future work will focus on developing global optimization of welding induced distortion. That is, optimizing the order by which the 12 portions are welded to minimize the global distortion of the full-size structure. This will improve the robustness of the optimization procedure in solving practical welding induced distortion problems required in welding industries. Full-size simplified replica of an aero-engine casing.
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